We determined the functional role of the Sertoli cell glucocorticoid receptor (GR) in vivo using a transgenic Cre-loxP approach to conditionally disrupt GR expression. Sertoli cell GR knockout (SCGRKO) was shown by absent Sertoli cell-specific GR immunolocalization and reduced levels of glucocorticoid-responsive Stc1 and Tsc22d3 mRNA in SCGRKO relative to control testes. Adult SCGRKO testes exhibited distinct morphological changes, including reduced seminiferous tubular lumen formation, decreased total Sertoli cell numbers, and parallel reductions in meiotic spermatocyte and postmeiotic spermatid numbers. Conversely, tubular diameter was increased and testis size was normal in SCGRKO males. Decreased serum FSH and testicular Fshr mRNA levels were consistent with reduced Sertoli cell number. Adult SCGRKO testes also displayed atypical germ cells and interstitial focal accumulations of hypertrophic lipid-laden, immature-like Leydig cells. Circulating LH, and testicular Lhr mRNA, testosterone, dihydrotestosterone, and 3␣/3␤-diol levels were all reduced in mature SCGRKO mice, whereas serum testosterone and dihydrotestosterone levels remained normal. Moreover, Sertoli cell GR disruption caused differential changes to steroidogenic enzyme transcripts, with down-regulated testicular Cyp11a1 contrasting with up-regulated Hsd17b3 expression. Reduced SCGRKO testicular expression of Hsd11b2, encoding an enzyme for corticosterone inactivation, supports a dynamic coupling between Hsd11b and androgen production. Our novel SCGRKO model has revealed that Sertoli cell-mediated GR actions support normal testicular function. Sertoli cell GR is required to maintain normal testicular Sertoli/germ cell numbers and circulating gonadotropin levels, as well as optimal Leydig cell maturation and steroidogenesis, providing new insight into gluocorticoid-mediated impact on male reproduction.
G
lucocorticoid-mediated responses are generally considered inhibitory to gonadal function and fertility (1) . Elevated levels of glucocorticoids associated with Cushing's disease or stress, or glucocorticoid administration to rodents suppress pituitary gonadotropin secretion and/or directly inhibit testicular steroidogenesis (1, 2) . Glucocorticoids directly reduce testosterone production in Leydig cells through glucocorticoid receptor (GR)-mediated repression of genes encoding steroidogenic pathway enzymes (1, 3, 4) . Exogenous glucocorticoids also induce germ cell apoptosis in rodents (5) . Paradoxically, glucocorticoid deficiency due to Addison's disease or chronic adrenal insufficiency may also suppress testicular function (1, 6, 7) , suggesting a certain level of glucocorticoid activity is required for normal male reproduction. Recent work showed that the glucocorticoid-induced leucine zipper Tsc22d3-2 (also known as Gilz) transcript expressed in early germ cells is crucial for spermatogenic development and male fertility (8) , providing indirect evidence for glucocorticoid requirement during normal testicular function.
Glucocorticoids act via the glucocorticoid receptors (GRs) and mineralocorticoid receptors (MRs), which are ligand-inducible transcription factors belonging to the nu-clear receptor superfamily (9, 10) . Activated GR binds to specific DNA sequences known as glucocorticoid response elements to regulate transcription of target genes (11, 12) . Detectable GR expression has been described in several key testicular cell types, including the somatic Sertoli, Leydig, and peritubular cells, as well as early germ cell populations (13) (14) (15) (16) . The specific role of GR within most of these cell types remains unknown. Glucocorticoid-induced responses have been observed in cultured Sertoli cells, including dexamethasone-induced up-regulation of rat androgen-binding protein (14) and stanniocalcin 1 (17) . In addition, steroid-responsive reporter constructs expressed in isolated Sertoli cells were found to respond more strongly to glucocorticoids compared with androgens (18) . Despite observations of glucocorticoid-responsive Sertoli cells in vitro, the physiological importance of GR activity within this crucial cell population has yet to be investigated in vivo.
To directly determine the importance of Sertoli cell GR in testicular function, we used a targeted Cre-loxP strategy to conditionally disrupt GR expression in Sertoli cells, designated Sertoli cell GR knockout (SCGRKO) mice. Transgenic AMH.Cre (19, 20) combined with Grl1 floxed(exon3) mice (21) allowed Sertoli cell-specific Cre-mediated excision of Grl1 exon-3, producing a frameshift deletion and premature stop codon to disrupt GR protein expression and function (21) .
Our unique loss-of-function SCGRKO model has shown, for the first time, that Sertoli cell-specific GR activity in vivo regulates normal testicular function including total testicular Sertoli and meiotic/postmeiotic germ cell numbers, circulating FSH and LH levels, and also impacts Leydig cell differentiation and steroidogenesis.
Materials and Methods
Sertoli cell-specific deletion of the Grl1 gene (SCGRKO) 
Serum collection and tissue processing
Postnatal and adult (70 day old) SCGRKO and age-matched control littermates were used to characterize the Sertoli cell GR deletion and testicular phenotypes. Serum was collected from ketamine/xylazine-anesthetized adult animals by terminal cardiac exsanguination and aliquots were stored at Ϫ20°C. Testes were removed and immediately frozen (liquid N 2 ) for RNA or steroid analysis, or fixed and incubated in Bouin's fixative for 4 hours (immunohistochemistry) or 24 hours (histology, stereology) and transferred to 70% ethanol.
Histology and stereology
Fixed testes were embedded in hydroxymethylmethacrylate resin (Technovit 7100, Kulzer and Co) as described for histology and stereology (20, 23) . Tissue sections were cut using a Polycut S microtome (Reichert Jung). Thin (2 m) and thick (20 m) sections were consecutively stained with periodic-acid-Schiff, hematoxylin, and Scott's blue solution for histology and stereology, respectively. Total testicular Sertoli, Leydig, and germ cell (pachytene, round and elongated spermatids) populations were quantified by optical-disector stereology methods described previously (24) using CASTGRID (Olympus) software. Using light microscopy, average seminiferous tubular diameter was determined by measuring 50 round tubular cross-sections/testis, and the percentage of adult tubular cross-sections with lumen was determined by scoring 100 tubular cross-sections/testis (25) .
Enriched Sertoli and Leydig cell populations
Testes were excised from adult (70 day old) SCGRKO and wild-type (WT) mice, and cells were isolated by minor modifications to previously described methods (26) . Briefly, testes were decapsulated, minced, and placed in Hanks's balanced salt solution. After treatment with trypsin and collagenase, Sertoli and Leydig cells were enriched as described previously (25) . Enriched cell pellets were used immediately for RNA preparation detailed below.
Immunohistochemistry
Immunohistochemistry for GR was performed on 3-m thick testis sections, using rabbit polyclonal anti-GR antibody (M-20, sc-1004, Santa Cruz Biotechnology), kindly provided by A/Prof Hong Zhou (ANZAC Research Institute, Sydney), at a dilution of 1:100, followed by biotinylated rabbit antigoat IgG (1:400, Vectastain-Elite ABC kit; Vector Laboratories) as recommended by the manufacturer. Antibody staining was visualized using 3,3Ј-diaminobenzidine tetrahydrochloride chromogenic substrate (Dako), as previously described (25) .
RNA extraction, cDNA synthesis, and quantitative real-time PCR (qPCR)
Total RNA was extracted from testes using Trizol (Sigma) according to manufacturer's protocol, and residual genomic DNA removed by RNase-free DNase I (0.5 U/g RNA, Invitrogen). cDNA was obtained using oligo-dT primers and reverse transcriptase (Superscript III, Invitrogen) as recommended. qPCR was performed using a Rotor gene 6000 (Corbett Research) and SensiMix SYBR kit (Bioline) according to manufacturer's guidelines. Primers pairs to mouse Cyp11a1, Fshr, Lhr, Inhbb, Hsd3b6, Hsd17b3, and Rhox5 mRNA were described previously (25, 27) . Primers were used to detect mouse Hsd11b1 (5Ј-TCTCTGTGTCCTTGGCCTCAT, 5Ј-GATCTTCCTTCC-TGGGTTCC), Hsd11b2 (5Ј-TGGCTGCTTCAAGACAGATG, 5Ј-TGGCATCTACAACTGGGCTA), Stc1 (5Ј-TCATACAG-CTGCCCAATCAC, 5Ј-GCGCCTCCTATTGAAGTCAG), and Tsc22d3 (5Ј-ACTCAAACCAGCCACAGCTC, 5Ј-GGCCTGCT-CAATCTTGTTGT) mRNA transcripts. Amplicon products were assessed by melting curve analysis (Rotor gene 6000 software). Target copy number was quantitated by qPCR using the standard curve method and expressed relative to expression of 2 internal sample controls, Hmbs and Hprt1, verified as suitable housekeepers by GeNorm software analysis as described elsewhere (25) . All samples were tested in duplicate.
For enriched primary Sertoli and Leydig cell populations described above, total RNA was extracted from cell pellets by Trizol (Sigma) according to manufacturer protocols, and residual genomic DNA removed by RNase-free DNase I (0.5 U/g RNA, Invitrogen). cDNA was prepared using oligo-dT primers and reverse transcriptase Superscript III (Invitrogen), after which PCR was performed using primers to detect Fshr and Lhr as Sertoli and Leydig cell-specific markers as previously described (25) , as well as Nr3c1 (5Ј-CCCTGCATGTATGACCAATG, 5Ј-GATAAAACCGCTGCCAATTC) and Nr3c2 (5Ј-ACAA-TTCCAAGCCTGACACC, 5Ј-CAACTCAAGGCAAACGAT-GA). Actb primers served as sample internal loading control (25) . Amplicons were visualized by agarose gel electrophoresis stained with SYBR safe (Invitrogen).
Quantitation of serum and intratesticular hormone levels
Mouse serum FSH and LH levels were measured by immunofluorometric assay as described previously (28) . Serum testosterone and intratesticular testosterone, dihydrotestosterone (DHT), 5␣-androstane 3␣, 17␤-diol (3␣-diol) and 5␣-androstane 3␤, 17␤-diol (3␤-diol) levels were measured after hexaneethyl acetate extraction using liquid chromatography, tandem mass spectrometry (0.1 ng/mL quantification limit for serum testosterone, 25 pg/mg for testicular testosterone, 5 pg/mg for estradiol, 0.2 ng/mg for DHT, 3␣-diol, and 3␤-diol) as described for mouse samples (29) .
Statistical analysis
All statistical analysis was performed by unpaired Student's t test. Differences were regarded significant when P Ͻ .05. All data are presented as mean Ϯ SEM.
Results

Preparation of SCGRKO mice
Transgenic AMH.Cre mice exhibiting proven Sertoli cell-specific Cre recombinase activity (19, 21) were used to target Cre-mediated excision of Grl1 floxed exon 3 in vivo. TgCre activity was testis specific, and there was no detectable Cre mRNA expression observed in brain, adrenal gland, pituitary, and kidney tissue (Supplemental Figure 1 published on The Endocrine Society's Journals Online web site at http://endo.endojournals.org). Sertoli cell-specific Gr deletion was confirmed by immunohistochemistry performed on postnatal day 20 testes (PND20) sections ( Figure 1A ). GR immunodetection was examined using an antibody specific for the N-terminal region of GR␣ and GR␤ isoforms. In control testes, detectable GR was found in somatic Leydig, peritubular, and Sertoli cells, as well as early germ cells ( Figure 1A ). In contrast, postnatal SCGRKO testes lacked detectable Sertoli cell GR, but retained the expected pattern of GR expression in other somatic (eg, peritubular cell) and germ cell populations ( Figure 1A ). In all mature 70-day-old mice, we found that Sertoli cells do not express detectable levels of GR ( Figure 1A ), consistent with previous findings (15) .
Relative testicular mRNA expression levels of GR-regulated stanniocalcin 1 (Stc1), which is found in Sertoli and Leydig cells (17) , was significantly reduced (50%; P Ͻ .001) in 70-day-old SCGRKO compared with control testes. In addition, the expression level of glucocorticoidinduced leucine zipper (Tsc22d3-2) mRNA, which is strongly expressed in germ cells (8) , was also significantly reduced (16%; P Ͻ .05) in SCGRKO relative to control testes ( Figure 1B ). In contrast, the relative testicular expression levels of an established Sertoli cell-specific and androgen receptor-regulated gene, Rhox5, remained normal in SCGRKO testes ( Figure 1B ). Localization of reduced testicular Stc1 expression, which is expressed in Sertoli and Leydig cells (17) , was demonstrated by limited Stc1 mRNA detected by RT-PCR in enriched Sertoli cells from SCGRKO testes, in comparison to higher expression found in the control Sertoli cells ( Figure 1C ). In contrast, Leydig cell Stc1 mRNA expression was similar in SCGRKO and control testes ( Figure 1C ). Expression patterns of Fshr and Lhr mRNA used as Sertoli and Leydig cell markers, respectively, confirmed enrichment of these somatic cell populations ( Figure 1C ). Expression of GR (Nr3c1) mRNA was found in enriched Leydig cells from SCGRKO and control adult testes, consistent with immunolocalization. In contrast, only minimal expression of GR mRNA was detected in enriched Sertoli cells from adult SCGRKO and control mice, and most likely reflected residual Leydig cell contamination, which was shown by very low levels of Lhr mRNA ( Figure 1C ). Expression of mineralocorticoid receptor (MR) (Nr3c2) mRNA was detectable in enriched Leydig but not Sertoli cells from adult SCGRKO and control testes ( Figure 1C) . Comparison between age-matched transgenic Cre and nontransgenic males with WT Grl1 alleles showed that Cre expression alone had no detectable effect on the endpoints examined in this study (data not shown). In addition, adrenal and pituitary gland histology was equivalent in 70-day-old SCGRKO and WT males (Supplemental Figure 2 ).
Testicular phenotype of SCGRKO mice
Reproductive organ weights
Total body weights of mature (70 day old) SCGRKO males were equivalent to those of age-matched control littermates (27.3 Ϯ 0.4 vs 27.8 Ϯ 0.7 g for SCGRKO and controls, respectively). Testis, epididymis, and seminal vesicle weights were also normal in mature SCGRKO males (Figure 2A ).
Testicular histology
PND12 and adult (70 day old) SCGRKO testes displayed relatively normal testicular histology ( Figure 2B ). However, comparison of PND12 seminiferous tubules showed that lumen formation was reduced in SCGRKO testes relative to age-matched controls ( Figure 2B , panels i and ii). Furthermore, PND12 SCGRKO testes displayed more tubules with Sertoli cells exhibiting a more immature-like appearance positioned further from the basement membrane ( Figure 2B , panel iv). Early meiotic spermatocytes were present in PND12 SCGRKO and WT testes (Supplemental Figure 3) . In addition, newly formed adult Leydig cells were also present in PND12 SCGRKO and control testes (Supplemental Figure 3) . More detailed morphometric analysis revealed that tubular lumen formation was significantly reduced (40%; P Ͻ .001) in adult SCGRKO testes ( Figure 2C ). In contrast, the diameters of seminiferous tubules were significantly increased (20%; P Ͻ .01) in adult SCGRKO compared with control testes ( Figure 2C ).
Testicular somatic and germ cell populations
Detailed stereological analysis showed that total Sertoli cell numbers were significantly reduced (25%; P Ͻ .01) in mature 70-day-old SCGRKO compared with control testes ( Figure 3A ). In addition, the total number of pachytene spermatocytes (11.4 Ϯ 0.1 vs 15.9 Ϯ 1.7 ϫ 10 6 /testis; SCGRKO vs WT, n ϭ 4/group) and round spermatids (21.2 Ϯ 0.4 vs 28.1 Ϯ 2.1 ϫ 10 6 /testis; SCGRKO vs WT, n ϭ 4/group) were significantly reduced (30% and 25%; P Ͻ .05), and elongated spermatids (23.9 Ϯ 0.9 vs 26.7 Ϯ 1.9 ϫ 10 6 /testis; SCGRKO vs WT, n ϭ 4/group) were not significantly reduced (11%; P ϭ .1), in SCGRKO compared with control adult testes. Comparison of germ cell C, Enriched primary Sertoli cell (SC) and Leydig cell (LC) preparations were isolated from 70-day-old SCGRKO and WT littermate testes using trypsin-collagenase digestion as described in Materials and Methods. GR (Nr3c1) and MR (Nr3c2) mRNA were detected (by RT-PCR) in enriched LC, but minimal or absent in SC preparations from SCGRKO and WT testes. In contrast, Stc1 expression was reduced in SC from SCGRKO relative to WT testes, but remained similar in LC from SCGRKO and WT mice, demonstrating Sertoli-specific reduction of Stc1 expression in SCGRKO testes. to Sertoli cell ratios showed that pachytene spermatocytes, round spermatids, or elongated spermatids to Sertoli cell ratios were all normal ( Figure 3B ), suggesting that there was a parallel reduction in the absolute somatic Sertoli cell and germ cell populations in SCGRKO testes. Adult SCGRKO testes also exhibited abnormal intratubular cells, which appeared to be atypical meiotic germ cells present at spermatogenic stages VIII-IX (30) of the seminiferous epithelium cycle ( Figure 3C ). The abnormal germ cells were not apoptotic by terminal deoxynucleotidyl transferase dUTP nick end labeling (Supplemental Figure 4) . SCGRKO males were fertile and produced normal litter sizes compared with WT males (7.4 Ϯ 0.3 vs 7.9 Ϯ 0.3 pups/litter; n ϭ 4 WT vs n ϭ 3 SCGRKO male breeders). Total Leydig cell numbers were not significantly reduced in SCGRKO testes ( Figure 3A) ; however, the Sertoli to Leydig cell ratio remained normal (1.0 Ϯ 0.6 vs. 1.2 Ϯ 0.2) in SCGRKO and control testes, respectively). In addition, mature SCGRKO testes displayed interstitial areas of abnormal Leydig cell morphology characterized by cellular hypertrophy and an accumulation of lipid droplets, as well as the presence of fibroblast-like cells ( Figure 3D ).
Effect of Sertoli cell-specific Grl1 disruption on hormone levels
Serum hormones levels
Serum FSH and LH levels were significantly reduced (25% and 50%; P Ͻ .05) in adult SCGRKO compared with control mice ( Figure 4A ). However, serum testosterone levels were not significantly reduced (32%; P ϭ .09) and DHT levels remained equivalent in SCGRKO relative to control males ( Figure 4A ).
Intratesticular steroid levels
Adult SCGKO males had significantly reduced levels of intratesticular testosterone, DHT, 3␣-diol, and 3␤-diol (27, 33, 40 and 36%, respectively; P Ͻ .05) relative to littermate controls ( Figure 4B ). 
Effect of Sertoli cell GR loss on testicular gene expression
Sertoli cell transcripts
Relative testicular expression levels of Sertoli cell-specific Fshr mRNA was decreased (22%; P Ͻ .05) in mature SCGRKO vs control males ( Figure 5A ). Inhbb, which is predominantly expressed in Sertoli cells (31) , displayed significantly reduced (12%; P Ͻ .01) expression levels in SCGRKO compared with control testes ( Figure 5A ).
Leydig cell transcripts
The relative testicular expression of Leydig cell-specific Lhr mRNA was significantly reduced (50%; P Ͻ .001) in SCGRKO testes ( Figure 5B) . Disruption of Sertoli cell GR had differential effects upon the testicular expression levels of Leydig cell steroidogenic transcripts, with downregulated Cyp11a1 mRNA levels contrasting with elevated levels of Hsd17b3 mRNA, and normal levels of the adult Leydig cell type marker, Hsd3b6 ( Figure 5B ).
Transcripts regulating glucocorticoid levels
Relative testes expression of transcripts (Hsd11b1 and Hsd11b2) encoding isozymes for 11␤-hydroxysteroid dehydrogenase [Hsd11b1 has oxidative/reductive actions (32) , whereas Hsd11b2 has oxidative enzymatic activity which inactivates corticosterone (33)], were compared in adult SCGRKO and control males ( Figure 5B ). Testicular levels of Hsd11b1 mRNA remained normal whereas Hsd11b2 expression was significantly reduced (35%; P Ͻ .001) in SCGRKO males.
Discussion
We have established a unique loss-of-function mouse model that has revealed previously undescribed Sertoli cell GR-regulated actions in vivo. Targeted Sertoli cell-specific loss of GR expression caused a reduction in several parameters of normal male reproductive function, including reduced absolute Sertoli and germ cell numbers, as well as decreased circulating gonadotropin and testicular androgen levels. Sertoli cell GR was found in postnatal but not adult testes of control mice, indicating a temporal loss of expression. The current findings provide evidence that early Sertoli cell GR-dependent actions ultimately enhance normal testicular function and present new insight into the breadth of GR-mediated gonadal responses.
Sertoli cell-specific GR disruption in SCGRKO mice was directly confirmed by the absence of immunodetectable GR in postnatal Sertoli cells, contrasting with detectable GR found in WT postnatal Sertoli cells, as well as GR localized in other cell types of SCGRKO and WT postnatal testes, such as somatic peritubular and early germ cell populations that normally express GR (13, 15, 16 ). In contrast, Sertoli cells in adult SCGRKO or WT testes had no immunodetectable GR, in agreement with earlier findings showing temporal down-regulation of testicular GR cellular expression patterns (15) . The testicular expression pattern of MR, which can also bind glucocorticoids, was equivalent in SCGRKO and WT testes, with predominant Leydig cell expression consistent with previous findings in the rat (10), noting Sertoli and germ cells displayed no detectable MR expression (Supplemental Figure 5) . Functional loss of Sertoli cell GR activity was shown by reduced expression levels of established glucocorticoidresponsive transcripts Stc1 and Tsc22d3-2. Testicular Stc1 mRNA expression was 50% of normal levels in adult SCGRKO males, noting total testicular Stc1 expression also reflects its presence in nontargeted GR-expressing Leydig cells (17) . Markedly reduced Stc1 expression in enriched isolated Sertoli, but not Leydig, cell preparations from SCGRKO testes confirmed that the reduction of Stc1 mRNA was predominantly localized to Sertoli cells of adult SCGRKO mice. Mature SCGRKO testes also exhibited a modest reduction in the expression levels of glucocorticoid-inducible leucine zipper Tsc22d3-2, which is predominantly expressed in germ cells (8) . In contrast to the attenuation of glucocorticoid-induced transcripts, androgen-regulated and Sertoli cell-specific Rhox5 gene expression remained normal in SCGRKO testes, suggesting that loss of GR responsiveness had no major impact upon Sertoli cell androgen receptor activity. We propose that loss of Sertoli cell GR actions during postnatal development leads to permanent selective changes to testicular glucocorticoid-induced responses.
Although SCGRKO males exhibited testes of normal size, GR loss induced distinct morphologic changes to the seminiferous tubules and interstitial tissue. Total Sertoli cell numbers were reduced in SCGRKO testes, revealing, for the first time, a role for Sertoli-mediated GR responses in optimal testicular development. Furthermore, the loss of Sertoli cell GR caused a parallel reduction in meiotic pachytene spermatocyte and postmeiotic spermatid numbers, resulting in normal germ to Sertoli cell ratios in SCGRKO testes. That is, Sertoli cells in SCGRKO males still maintained a normal carrying capacity for mature germ cells. Sertoli cell GR deletion was also associated with sparse numbers of enlarged abnormal germ cells restricted to late stage VIII to early stage IX of the spermatogenic cycle, likely to represent atypical late meiotic pachytene-diplotene germ cells. Previous studies found that dexamethasone administration induced germ cell apoptosis in rat testes, an effect suppressed by a GR antagonist (5) . In the present work, the abnormal germ cells were not apoptotic, and SCGRKO testes displayed normal patterns of limited germ cell apoptosis, suggesting that Sertoli cell GR does not regulate programmed germ cell death during normal testicular function. The current findings show that the presence of Sertoli cell GR is not required for the completion of spermatogenesis, and germ . Circulating hormones and intratesticular steroid levels A, Serum FSH and LH levels were significantly lower in adult (70 day old) SCGRKO (black bars) relative to control (white bars) males. In contrast, serum testosterone (T) levels were not significantly reduced (P ϭ .09), and serum DHT levels were equivalent in adult SCGRKO relative to control males. B, Intratesticular levels of all steroids examined were significantly decreased in adult TgSCAR (black) mice relative to control (white) mice; n ϭ 10/group. Values are mean Ϯ SEM. Significant differences (P Ͻ .05) are indicated by asterisks.
cell development in SCGRKO testes was sufficient for male fertility, adding the caveat that spermatogenic output of laboratory mice greatly exceeds that necessary to achieve fertility (34) .
Seminiferous tubular lumen formation was reduced in PND 12 SCGRKO testes, which also displayed Sertoli cells exhibiting a more immature-like (luminal) phenotype compared with age-matched controls. Tubules of adult SCGRKO testes also contained fewer lumen compared with control testes. Tubule lumen formation provides a functional indicator for Sertoli cell maturation in vivo (25, 35, 36) . Considered together, these findings suggest that GR actions contribute to Sertoli cell maturation and fluid secretion that influence lumen formation. Paradoxically, we found that the diameter of seminiferous tubules was increased in mature SCGRKO testes, which may partly explain the presence of normal-sized SCGRKO testes despite the smaller Sertoli and germ cell populations. Although a mechanism for the increased tubular diameter remains to be determined, our findings indicate that tubule diameter and tubule lumen formation do not provide parallel parameters for the evaluation of testicular phenotypes. Adult SCGRKO testes also exhibited interstitial regions of atypical Leydig cell hypertrophy, with lipid-laden Leydig cells resembling the morphology of immature adult Leydig cells (27) . Sertoli to Leydig cell ratios were maintained in adult SCGRKO testes, consistent with the proposed quorum-dependent relationship between the Sertoli-Leydig cell populations (27) .
Reduced circulating gonadotropin levels in mature SCGRKO males indicate that disruption of GR in Sertoli cells may adversely affect FSH or LH actions. Decreased levels of serum FSH, an established Sertoli cell mitogen (23, 37, 38) , and reduced Fshr mRNA expression were consistent with decreased Sertoli cell numbers. Inhibin B is a negative regulator of FSH secretion (39 -41) , and elevated corticosterone levels decreased serum inhibin levels in male rats (42) . However, testicular Inhbb mRNA levels, encoding the ␤-subunit of inhibin B, were significantly reduced in SCGRKO mice, suggesting that Sertoli-derived GR-regulated pathways mediating changes to FSH secretion may not involve elevated inhibin B, although serum levels remain to be determined. The marked reduction in circulating LH levels in adult SCGRKO males suggests that loss of Sertoli cell GR activity up-regulates an inhib- itory endocrine-feedback pathway that impacts the pituitary secretion of both gonadotropins. Serum levels of testosterone were not significantly reduced in adult SCGRKO mice, although high variation due to pulsatile circulating levels (43) may hinder evaluation of altered blood levels. Circulating DHT levels remained normal in mature SCGRKO males, consistent with normal-sized androgen-dependent seminal vesicles. However, a detailed analysis of testicular steroids revealed that Sertoli cell GR loss significantly reduced intratesticular testosterone, DHT, 3␣-diol, and 3␤-diol levels. Reduced levels of Leydig cell-specific Lhr and steroidogenic Cyp11a1 transcripts were consistent with decreased steroidogenesis in SCGRKO testes. In contrast, testicular mRNA levels of the adult Leydig cell marker Hsd3b6 remained normal, whereas Hsd17b3 (encoding the enzyme converting androstenedione to testosterone) was elevated in SCGRKO mice, demonstrating that Sertoli cell GR loss had differential effects upon key steroidogenic enzyme transcripts. The GRregulated Sertoli cell molecular and paracrine pathways that regulate Leydig cell steroidogenesis remain to be determined. It is possible that the presence of immature adult Leydig cell populations in SCGRKO testes may contribute to reduced Lhr expression, or reduced circulating LH levels, noting that immature Leydig cells are associated with basal LH levels in prepubertal boys (44, 45) , and testicular Lhr mRNA and serum LH levels dramatically rise during pubertal Leydig cell differentiation in mice (27) .
Testicular expression of 11␤Hsd2, encoding an 11␤-hydroxysteroid dehydrogenase (11␤HSD) proposed to inactivate basal corticosterone in Leydig cells (46) , was reduced in adult SCGRKO mice. Leydig cell 11␤HSD oxidase activity inactivates intracellular glucocorticoids, generating enzyme cofactor reduced nicotinamide adenine dinucleotide phosphate, which then potentiates steroidogenic enzymes such as 17␤HSD-3 to maintain or augment testosterone production (47, 48) . Therefore, reduced 11␤Hsd2 expression may contribute to decreased intratesticular testosterone levels found in SCGRKO males. Furthermore, recent work showed that LH up-regulated Leydig cell 11␤Hsd2 expression and activity (49) ; therefore, it is possible that reduced LH levels in SCGRKO mice explain the down-regulated 11␤Hsd2 expression. In contrast, SCGRKO testes expressed normal levels of 11␤Hsd1 mRNA, which encodes an 11␤HSD isoform linked to stress-induced glucocorticoid inactivation in Leydig cells (33, 50, 51) . Our Sertoli cell GR model provides a unique opportunity to investigate the dynamic coupling between 11␤Hsd2 and androgen production, and further studies are required to determine the role of Sertoli cell GR in stress-induced glucocorticoid responses.
In summary, our unique SCGRKO model shows, for the first time, a significant role for Sertoli cell-specific GR activity in normal testis development and mature function. Considering Sertoli cell GR expression was found in postnatal, but not adult, testes, we propose that the SCGRKO phenotype represents a developmental defect that leads to lasting effects upon a range of endpoints for optimal testicular function. Deletion of Sertoli cell GR showed that glucocorticoid-mediated actions are involved in regulating Sertoli cell maturation and numbers, which also impacts upon germ cell numbers, as well as circulating levels of gonadotropins and the regulation of Leydig cell steroidogenesis. Targeted disruption of Sertoli cell GR provides a valuable paradigm for further detailed investigation of the in vivo actions and specific molecular pathways of Sertoli cell-mediated GR responses during the maintenance of male reproduction.
